To study the morphometric characteristics of the central pulmonary arteries and aortopulmonary collateral arteries by assessing the morphology of the pulmonary vascular blood supply, to determine their significance in surgical treatment.
Conclusion
The morphometric characteristics are important, but the morphology of the pulmonary vascular blood supply of the PPAA and APCA proved to be better for guiding the surgical treatment.
Independently of the didactical division into subgroups, PT predominated. Mortality was not correlated with the morphometric characteristics.
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In pulmonary atresia (PA) with ventricular septal defect (VSD) and aortopulmonary collateral arteries (APCA), the pulmonary vascular blood supply may be very complex with great anatomical variations, so that some segments of the pulmonary lobes may be supplied by blood flow from the central pulmonary arteries (PPAA) or APCA, or both 1 . Due to this extreme heterogeneity, several anatomical classifications have been proposed, aiming at establishing criteria that rationalize the surgical approach. The currently most-used morphological classification [2] [3] [4] [5] divides the patients with PA and VSD into 3 different groups: A, B, and C. In group A, all pulmonary segments are supplied by PPAA. In group B, some pulmonary segments are supplied by PPAA, while others are supplied by APCA. In group C, all pulmonary segments are supplied by APCA. PPAA are absent 5 .
Based on the analysis of the cineangiocardiographic studies of patients with pulmonary atresia, ventricular septal defect, and aortopulmonary collateral arteries (group B), the present study aimed at assessing the morphometric characteristics of the central pulmonary and aortopulmonary collateral arteries, through the assessment of the distribution of the pulmonary vascular blood supply, in an attempt to determine their significance in surgical treatment. The age in the cineangiocardiographic studies ranged from 9 days to 21.6 years (median of 1.1 year). The age in the surgical procedures ranged from 3.7 months to 21.6 years (median of 1.9 years). Twenty-one (52.50%) patients were males and 19 (47.50%) were females.
Methods
Patients with morphology of situs solitus and concordant atrioventricular and ventriculoarterial connections with complete cineangiocardiographic studies prior to the first surgical intervention exclusively performed at our institution were included in the study. The medical record analysis focused on the reports of the first cineangiocardiographic study and the descriptions of all 56 surgeries performed.
The following patients were excluded from the study: those in whom the results were not available of the cineangiocardiographic study performed before the initial surgical treatment and those in whom not all the possible techniques for demonstrating the pulmonary vascular blood supply were used, resulting in an incomplete examination.
The complete cineangiocardiographic study comprised the following: injections of contrast medium into the ascending and descending aorta and aortic arch; right and left ventriculographies; selective injections into the ductus arteriosus, PPAA, APCA, and coronary arteries; and retrograde venography. The injections of contrast medium, mainly the selective one into the PPAA and APCA, and retrograde venographies should identify the different anatomical variations and segments supplied.
For quantitative morphometric analysis, CAAS II (cardiovascular angiography analysis system II) software was used. The computer was coupled to an LVA-7000 laser videodisc player (JVC), an SVO-9500 MD videocassette recorder (SONY), and a Tagarno cinevideo camera to allow the analysis of films recorded on digital disk, VHS tape, and 35 mm film.
The system was calibrated based on the diameter of the distal portion of the catheter, which was calculated with CAAS II software, according to the data previously provided regarding the catheter used during that examination, as for example 5Fr or 6Fr.
The images selected for measurement were in the posteroanterior view, with the vascular segment of interest well contrasted and in ventricular systole.
After this calibration, the PPAA and APCA diameters were measured. The PPAA were measured immediately proximal to the origin of the first lobar branch 6 , and the APCA were measured distally to the point where surgical unifocalization would be ideally possible 7 . With these measurements obtained, the area of the blood vessels was calculated.
Body surface was calculated by applying the Mosteller formula 8 to the patients' weights and heights known on the occasion of the examination.
Therefore, the following indices could be calculated: PPAAI (pulmonary arterial index), APCAI (aortopulmonary collateral arterial index), and TNPAI (total neopulmonary arterial index), as shown in figure 1 .
Because some pulmonary segments were supplied by the branches of the PPAA while others were supplied by the APCA, the TNPAI was calculated.
The area was obtained by measuring the PPAA immediately before bifurcation of the lobar branches, as already described 6 . The pulmonary artery was considered hypoplastic when its area had a 25% or greater reduction as compared with the mean areas of PPAA.
When PPAAI was smaller than 100 mm 2 /m 2 , the PPAA were considered hypoplastic 6 . When TNPAI was smaller than 100 mm 2 /m 2 , the need for assessing the ratio between PPAAI and APCAI was considered.
The diameter of the APCA was measured distally to the point, in which surgical unifocalization would be ideally possible, as previously described 7 . Stenosis of the APCA was characterized by a luminal reduction greater than 25% 7 . The vessel was considered thin when its area was smaller than 50% of the arithmetic mean of the areas of all APCA; the vessel was considered medium when its area was greater than 50% of the arithmetic mean and smaller than the arithmetic mean of all APCA; and the vessel was considered wide when its area was greater than the arithmetic mean of the areas of all APCA of the patient.
When APCAI was smaller than 100 mm 2 /m 2 , the APCA were considered to have an overall reduced caliber.
Analyzing the areas of pulmonary vascular blood supply, the pulmonary lobes irrigated by the PPAA and those irrigated by the APCA were identified. The relation between the pulmonary lobes and segments was defined as follows: left superior lobe (apicoposterior, anterior, superior lingular, inferior lingular segments); left inferior lobe (superior, anteromedial basal, lateral basal, posterior basal segments); right superior lobe (apical, anterior, posterior segments); right middle lobe (lateral and medial segments); right inferior lobe (superior, middle basal, anterior basal, lateral basal, posterior basal segments) 9 . When the injection of contrast medium into one of the arteries filled the contralateral pulmonary branch, confluence between the PPAA was considered.
The arteries that supplied at least one intrapulmonary segmentary artery and had a trajectory independent of the pulmonary bronchi and intercostal arteries were considered APCA.
The surgical treatments were classified as palliative, "palliative definitive," or definitive.
Palliative treatment was that in which the patients underwent interventions without closure of the VSD and had future perspectives of conclusion or not of the treatment. They were considered as being under treatment.
"Palliative definitive" treatment was that in which the patients underwent interventions without closure of the VSD and had no other surgical option that enabled the conclusion of the treatment, with RV-PPAA connection and VSD closure. This was the case when the diameter of the PPAA was extremely reduced with no possibility of development, or when the distal pulmonary vascular tree showed signs of pulmonary hypertensive disease with or without thrombosis, or when unifocalization of at least 10 pulmonary segments for connection to RV was not possible 14 .
The definitive treatment consisted of RV-PPAA connection and closure of the VSD, allowing reestablishment of the normal physiology. The criteria for closure of the VSD were as follows: presence of PPAA with appropriate calibers, adequate distal pulmonary vascular tree, and presence of at least 10 pulmonary segments that could be connected to the RV.
Results
The morphometric analysis of the cineangiocardiographic studies performed before the first surgical procedure and the stages of treatment of all patients are described in table 1. Associating the morphometric data obtained with the distribution of the pulmonary vascular blood supply, 5 subgroups with similar characteristics were identified as follows: B1, B2, B3, B4, and B5 (figure 2). Subgroup B1 comprised 8 (20%) patients, subgroup B2 comprised 4 (10%) patients, subgroup B3 comprised 16 (40%) patients, subgroup B4 comprised 4 (10%) patients, and subgroup B5 comprised 8 (20%) patients.
All subgroup B1 patients had PPAA supplying the segments of the left superior and right inferior lobes. In some patients, the APCA were also present in those segments; the PPAA, however, predominated. All other segments were irrigated by the APCA.
All subgroup B2 patients had PPAA supplying the segments of the right superior and left inferior lobes. In some patients, the APCA were also present in those segments; the PPAA, however, predominated. All other segments were irrigated by the APCA.
All subgroup B3 patients had PPAA supplying the segments of the left and right inferior lobes or supplying the segments of one of the inferior lobes and most of the segments of the lobes of the contralateral lung.
All subgroup B4 patients had PPAA supplying the segments of the left and right superior lobes or supplying the segments of one of the superior lobes and most of the segments of the lobes of the contralateral lung. The subgroup B5 patients varied greatly in regard to the distribution of the PPAA and APCA, which resulted in great difficulty in defining their blood supply to the pulmonary segments. Therefore, that was a miscellaneous subgroup. Three patients had agenesis of the left pulmonary artery, 2 had agenesis of the right pulmonary artery, 2 had fistulas from the left main coronary artery to the pulmonary trunk, and one had hypoplastic PPAA. Adequate identification of which pulmonary segments were supplied by PPAA or APCA could not be performed in all those patients.
An alpha error of 5% was admitted in the statistical analysis. The parametric Student t test and the nonparametric KruskalWallis and Wilcoxon tests were used. The subgroups were correlated with the presence of stenoses, TNPAI (PPAAI and APCAI), the number of surgical procedures, and the stage of the treatment.
More subgroup B2 patients underwent the definitive treatment than the patients in the other subgroups B; this, however, had no statistical significance. The only patients undergoing palliative definitive treatment were in subgroup B1.
No patient undergoing 3 procedures underwent definitive treatment. Most patients who had definitive treatment underwent 2 procedures.
All patients with stenosis in at least one PPAA underwent palliative treatment.
The presence of stenosis in the APCA showed no relation to the stage of treatment of the patients.
The number of patients undergoing one, 2, and 3 procedures in the subgroups B1 and B3 is very similar. The same was observed in subgroups B2 and B4. Most patients in subgroup B5 underwent only one procedure, a smaller proportion than that in all other subgroups.
No statistically significant difference between the patients undergoing the palliative, palliative definitive, and definitive treatments was observed in regard to the indices PPAAI, APCAI, and TNPAI. Comparing PPAAI and APCAI for each stage of the treatment, the following was observed: no difference occurred between the indices in the definitive stage (P=0.4309); the APCAI was statistically greater than the PPAAI in the palliative stage (P=0.0176); descriptively, the APCAI was greater than the PPAAI in the palliative definitive stage. The TNPAI of patients undergoing definitive treatment was greater than that of patients undergoing palliative treatment (P=0.0959), as shown in table 2.
The greatest proportion of patients who died was found in subgroups B1, B2, and B4; in subgroups B3 and B5, that proportion was smaller. In subgroups B, the number of patients who died was as follows: subgroup B1, 2 (25%) patients; subgroup B2, one (25%) patient; subgroup B3, 2 (12.5%) patients; subgroup B4, one (25%) patient; and subgroup B5, one (12.5%) patient. Considering the entire group, 7 (17.5%) patients died. The greater the number of procedures performed, the greater the proportion of dead patients.
Although lacking statistical significance, the indices of the patients who died were lower than those of the patients who survived. The relation between the mean of the indices and the stage of the treatment for the patients who died and those who survived is shown in table 3.
Discussion
In 1970, Somerville classified pulmonary atresia with VSD as types A, B, C, and D, based on the degree of the development of the PPAA distal to the atresic segment 10 . Comparing that classification with the one adopted in our study, type C (atresia of the pulmonary valve and trunk and one of the pulmonary arteries) in the Somerville classification corresponds to our group B, in which the pulmonary segments are irrigated by the PPAA and APCA 5 . Investigation of the hemodynamic aspects of the pulmonary circulation, using selective catheterization and occlusion with a balloon for visualizing APCA, showed that some pulmonary segments are supplied by blood flow originating from the PPAA, while others are supplied by the APCA 11 . Based on this, the important concept of unifocal or multifocal blood supply to the pulmonary circulation was introduced. This knowledge provided great advancement in the treatment of PA with VSD and APCA with the new surgical techniques of unifocalization 12 , which were used in some patients in the group. 
B5
When the blood supply is unifocal, the method proposed by Nakata et al 6 may be used, which allows the calculation of the areas of the PPAA, and, consequently, the obtainment of PPAAI 6 . Similarly to the way Nakata et al 6 (1984) calculated the areas of the PPAA (PPAAI), Reddy et al 7 (1997) calculated the areas of the APCA for patients with multifocal blood supply, who underwent unifocalizations in a single stage, closure of the VSD, and connection between RV and the pulmonary tree. Therefore, the aortopulmonary collateral arterial index (APCAI) was obtained. Addition of the PPAAI and the APCAI provided the total neopulmonary arterial index (TNPAI) used in our study.
The one-stage correction was proposed for only one subgroup B2 patient, who died due to low cardiac output syndrome. Reddy et al 7 (1997) also suggested the intraoperative study of blood flow. This is as follows: after complete unifocalization and anastomosis of the extracardiac tube while the patient is still under extracorporeal circulation, a cannula is placed in the tube, and a predetermined flow (cardiac output) is injected up to 2.5 L/min/m 2 , accompanied by a vigorous aspiration of the left atrium. On that occasion, with a catheter in the pulmonary arteries, pressure measurements are taken. Those measurements may or may not suggest closure of the VSD.
The ventricular septal defect may be closed, completing the definitive treatment more safely in patients with TNPAI greater than 200 mm 2 /m 2 . When TNPAI is lower than 200 mm 2 /m 2 , other physiological data should be added for one-stage complete correction 7 . Others consider it a worse prognosis when TNPAI is lower than 150 mm 2 /m 2 13 . Five subgroups with similar characteristics were identified: B1, B2, B3, B4, and B5. The mean TNPAI of patients undergoing definitive treatment was 308.66, and, in subgroups B1, B2, B3, and B5, the mean TNPAI was, respectively, 156.65, 230.03, 431.02, and 128.50. In subgroup B4, no patient underwent definitive treatment.
Of the 8 subgroup B1 patients, only one had all segments of n -number; SD -standard deviation; P -descriptive level of the Kruskal-Wallis test for comparing the groups; DT -(definitive treatment); PT -(palliative treatment); PDT -(palliative definitive treatment); P* -descriptive level of the Wilcoxon test for independent samples for comparing the groups DT and PT; PPAAI -pulmonary arterial index; APCAI -aortopulmonary collateral arterial index; TNPAI -total neopulmonary arterial index. n -number; SD -standard deviation; P -significance level; PPAAI -pulmonary arterial index; APCAI -aortopulmonary collateral arterial index; TNPAI -total neopulmonary arterial index.
the left superior lobe and right inferior lobe exclusively supplied by the PPAA. The others had one or 2 lobes supplied mainly by the PPAA, but with the presence of APCA. These patients had at least 9 segments with PPAA present, a fact that did not favor definitive surgical correction 14 . Only one patient underwent definitive treatment. That patient had a PPAAI significantly greater than APCAI, showing that, for this type of patient, the presence of developed PPAA is a factor of fundamental importance for the appropriate surgical treatment 15 . The mean TNPAI of the patients undergoing definitive treatment (156.65) was lower than that of patients undergoing palliative definitive treatment (278.84). This occurred due to the high values of APCAI. The 2 patients who underwent palliative definitive treatment had extremely hypoplastic PPAA, which did not develop after the first surgical procedure.
Of the 4 patients in subgroup B2, 2 had the right superior lobe and left inferior lobe exclusively supplied by PPAA, and 2 also had APCA, but PPAA predominated. Those patients had only 7 pulmonary segments irrigated by PPAA, justifying the greater mean of APCA supplying the pulmonary segments of those patients.
Two 13 . In subgroup B4, only one patient had 7 segments supplied by PPAA, all others had 14 segments, and yet none of them underwent definitive treatment. The mean TNPAI was 150.57 mm2/m2, with PPAAI smaller than their respective APCAI. The morphological characteristics were more important and significant in the choosing of the treatment. All patients were in the palliative treatment stage, and could evolve to palliative definitive or definitive, but the morphometric characteristics did not favor the definitive treatment 13 . In subgroup B5, only one patient underwent definitive treatment with one single procedure and had at least 14 pulmonary segments supplied by PPAA, with TNPAI of 128.50 and PPAAI greater than its APCAI. The other patients underwent palliative treatment, independently of their indices, showing that the morphological characteristics are more important than the morphometric ones in that subgroup.
Of the 40 patients in group B, only 2 underwent palliative definitive treatment and were coincidentally in subgroup B1, both with hypoplastic PPAA. Their TNPAI were 48.79 and 508.89. The latter had great APCA with signs of hypertension and irreversible pulmonary vascular disease, which led him to be considered to have no surgical option for definitive treatment.
It is worth noting that no difference existed between PPAAI and APCAI for the patients undergoing definitive treatment. For those in the palliative and palliative definitive stages, however, APCAI was greater, showing that when APCA predominates, the palliative treatment is more likely to be used.
Thus, independently of the didactical subgroup to which the patient may belong, it is clear that the morphometric measures may help in guiding the treatment. However, the characteristics of irrigation of the pulmonary segments by PPAA or APCA, or both, are mandatory for patient's management and should be analyzed for each patient individually, as already reported by other authors 14 .
Overall mortality was 17.50%, and, in subgroup B1, 2 patients died, one with TNPAI of 48.79 and the other with TNPAI of 174.69. The first patient had PPAAI of 2.80, ie, extremely hypoplastic PPAA. Thus, after undergoing the Blalock-Taussig (BT) procedure on the right-and left-hand sides, the patient remained hypoxic. As the APCA had unfavorable anatomy, unifocalization was not possible, and the patient evolved with occlusion of the BT, dying due to hypoxia. In the second patient, a connection between the RV and the PPAA was performed with a PTFE tube; because the VSD was left opened, the patient died on the second postoperative day, due to low cardiac output.
In subgroup B2, one patient with a TNPAI of 236.27 died. The patient underwent bilateral transversal thoracotomy with bilateral unification 16 (one APCA on the left-hand side with the left pulmonary artery and 2 APCA on the right-hand side), ligature of one APCA on the right-hand side, and enlargement of the right ventricular outflow tract with bovine pericardium. Left BT and release of one of the ligated APCA were chosen to be performed. The patient died 19 hours after the procedure, due to hypoxemia.
In subgroup B3, 2 patients died; their TNPAI was 322.23 and 409.95. The first patient had BT on the right-hand side associated with unification of APCA with the left pulmonary artery and ligature of 2 APCA. The patient developed significant hypoxemia 48 hours after surgery. The cineangiocardiographic study showed a patent BT, which was confirmed during autopsy, which also evidenced a rarefied pulmonary arterial microcirculation with very thin-walled arterioles. The second patient had occlusion of the BT 2 months after surgery and evolved with hypoxemia. Angioplasty was performed at the site of the anastomosis, but without success. A new graft was used, and the PPAA were widened with autologous pericardium, but the patient died after 24 hours due to significant hypoxemia.
In subgroup B4, one patient with a TNPAI of 107.43 died. The patient had BT on the left-hand side and unification of one APCA with the left pulmonary artery, and evolved in the immediate postoperative period with occlusion of the graft, which was replaced. On the third postoperative day, however, the patient experienced hypoxemia and multiple organ failure.
In subgroup B5, the patient who died had a TNPAI of 295.66. The patient had a BT on the left-hand side and ligature of the APCA. The PPAA were extremely hypoplastic, and the patient developed septicemia (Serratia marcescens) and thrombosis of the graft on the 56th postoperative day.
The mean TNPAI of the patients who died was 227.86 and that of those who survived was 216.68, showing that the morphometric characteristics were not important. Morphology of the pulmonary tree is fundamental and should be analyzed for each patient, independently of the patient's subgroup.
Morphometric characteristics are important, but the morphology of the pulmonary vascular blood supply of the central pulmonary arteries and the aortopulmonary collateral arteries proved to be paramount in guiding surgical treatment, which should be handled in an individualized manner, independently of the didactical division of the patients into subgroups.
The palliative treatment predominated, and mortality showed no correlation with the morphometric characteristics.
